To investigate the biosynthetic basis for the mosaic expression of brush border enzymes in confluent Caco-2 cells, a human colon carcinoma cell line exhibiting characteristics of adult small intestinal enterocytes, we have obtained a series of clones differing markedly in their growth rates, amounts of transforming growth factor-a/epidermal growth factor-like activity released into the culture medium, and sucrase-isomaltase (SI) activity. Other intestinal markers (aminopeptidase N, dipeptidylpeptidase IV, lactase, alkaline phosphatase and 'crypt cell antigen') displayed a much more limited variability in expression, suggesting that the Caco-2 cell clones we have obtained did not differ in their overall ability to differentiate.
INTRODUCTION
The human colon tumour cell line Caco-2 represents an excellent in vitro model system for the study of intestinal cell differentiation and its regulation. These cells were initially established from a colonic adenouarcinoma by Fogh et al. [1] and, under standard culture conditions, form a confluent monolayer consisting of well polarized columnar cells displaying a brush border and tight junctions at their apical aspect [2] . In confluent cultures, differentiation is marked by the expression of disaccharidases and peptidases [sucrase-isomaltase (SI) , aminopeptidase N (AP), dipeptidylpeptidase IV (DPP), lactase] [3] [4] [5] which are typical components of the mature small intestinal enterocytes, but which are also present in fetal human colon between 11 weeks of gestation and birth [6] [7] [8] . During the past few years, these cells have been used advantageously to study various intestinal cell functions, such as the physiology of transporting epithelia and its control [9, 10] , the synthesis and heparin-stimulated release of diamine oxidase [11] , lipoprotein synthesis and secretion [12] , and the biosynthesis, processing and intracellular transport of membrane glycoproteins in a polarized epithelium [4, 5, [13] [14] [15] [16] [17] .
The mechanisms which trigger and modulate -expression of differentiated characteristics in Caco-2 cells upon reaching confluence, and in the intestinal mucosa in vivo, are still largely unknown. Recent studies centred on SI and lactase expression during pre-and post-natal development, during crypt-to-villus cell differentiation in adult animals and in Caco-2 and cells have provided evidence for both transcriptional and posttranslational control sites. In the case of SI, its mRNA and enzyme activity were first detectable, and subsequently increased in parallel during spontaneous or precociously-induced appearance, in newborn rabbits [18] and rats [19] and in human embryos [20] , providing evidence for a transcriptional level of regulation. However, Leeper & Henning [19] have suggested that in rats older than 24 days other mechanisms may also be important. In the adult human small intestine [5] and colon [21] , crypt cells were folund to express a form of the enzyme that is immunologically and conformationally distinct from that present in the brush border membrane of mature enterocytes, suggesting that post-translational processing of SI may play an important role in modulating its expression with cell differentiation. In Caco-2 cells, monensin [22, 23] and forskolin [3, 24] were found to inhibit SI synthesis primaril-y at the mRNA level. In the case of lactase, most studies conducted to date [25] [26] [27] [28] , with one notable exception [29] , have demonstrated a marked discrepancy between the post-weaning decline in enzyme activity and the intestinal lactase mRNA levels in the same animals. Similarly, relatively high levels of lactase mRNA were observed in some humans with adult-type hypolactasia [25] , again indicating a posttranscriptional control of lactase expression. Alterations in intracellular lactase processing with age or in deficient individuals have also been reported [30] [31] [32] [33] .
Post-confluent Caco-2 cells display a remarkable heterogeneity in their differentiated characteristics, which is particularly striking in the case of SI: immunofluorescence staining with monoclonal and polyclonal antibodies has consistently revealed the presence of strongly positive and negative neighbouring cells even in cultures kept in a confluent state for several weeks [2, 4, 13] . In contrast, the same cells appeared to be homogeneously stained with antibodies specific for DPP and crypt cell antigen ( [34] ; A. Quaroni, unpublished work). These findings are reminiscent of the mosaic pattern of lactase expression demonstrated in a large number of humans with adult-type hypolactasia [35] . To Abbreviations used: AP, aminopeptidase N; cP, complex-glycosylated sucrase-isomaltase precursor; DMEM, Dulbecco's modified Eagle medium; DPP, dipeptidylpeptidase IV; EGF, epidermal growth factor; FCS, fetal calf serum; hmF, high-mannose form; hmP, sucrase-isomaltase precursor containing glycosidic chains of the hm type; PBS, phosphate-buffered saline; PMSF, phenylmethanesulphonyl fluoride; SI, sucrase-isomaltase; SSC, standard saline citrate (O15 M-NaCl, 15 the supernatant (post-nuclear lysate) was supplemented with 200 mM-NaCl and 1 % Triton X-100, and incubated with monoclonal antibodies bound to Sepharose 4B beads as previously described [34] .
Membrane purification
Apical (brush border) membranes were purified from Caco-2 cell homogenates by the method of Kessler et al. [36] . A crude total membrane fraction was obtained as follows. Cells were washed 3 times with PBS and homogenized in a glass/Teflon Potter-Elvehjem homogenizer in 2 mM-Tris/50 mM-mannitol.
Homogenates were centrifuged at 2700 g for 10 min and supernatants were spun at 207000 gav for 30 min. Resulting pellets were designated 'crude membrane fractions'. A mixture of protease inhibitors (see above) was added to all buffers and solutions used for homogenization and membrane purification. Proteins were determined by the method of Lowry et al. [37] and mebrane preparations were monitored for purification [38] by measuring the increase in the specific activity of sucrase, which was 15-20 times higher in the final microvillus membrane fraction than in the homogenate.
Enzyme assays
Enzyme assays were carried out as follows: sucrase, maltase and lactase by the method of Messier & Dahlqvist [39] , with the appropriate substrates (0.1 M in all cases); AP according to Roncari & Zuber [40] with L-leucine-p-nitroanilide as substrate; DPP with glycyl-L-proline-p-nitroanalide-p-tosylate as substrate, and alkaline phosphatase by the method of Forstner et al. [41] with p-nitrophenylphosphate as substrate. Thomas & Kornberg [44] . Labelled proteins were detected by fluorography as previously described [45] .
Immunoblotting experiments were performed essentially according to the procedure already described [5] . Briefly, proteins from SDS/polyacrylamide gels were electrophoretically transferred to a nitrocellulose membrane, which was subsequently blocked in PBS containing 5 % Blotto and incubated with monoclonal antibodies (ascitic fluid, diluted 1: 500). Membranes were then washed, incubated with alkaline phosphataseconjugated goat anti-[mouse IgG (H + L)] antibody (Promega Biotec, Madison, WI, U.S.A.), further washed and finally incubated with a chromogenic substrate for alkaline phosphatase detection (Promega Biotec).
Monoclonal antibodies
Production and characterization of monoclonal antibodies specific for crypt cell antigen (FBB2/29, [46] ) and human SI (designated HSI antibodies), namely HSI-5, HSI-9 and HSI-14 [5] , used in the present work has been described elsewhere; FBB2/29 is an IgM, HSI-5 and HSI-14 are of the IgG1 subtype, and HSI-9 is of subtype IgG2b.
The monoclonal antibody to AP (HBB2/45) used in this study was produced from a mouse immunized with brush border membrane purified from human jejunum by the hybridoma technique, as described previously for antibodies to rat intestinal membrane antigens [45] . Its antigen specificity was determined as described for antibodies to human SI [5] . Briefly, HBB2/45 was purified from hybridoma conditioned medium and ascites fluid by affinity chromatography on a Protein A-Sepharose CL 4B column and covalently bound to CNBr-activated Sepharose 4B beads [34] . The antibody-beads conjugate was: (1) tested for its ability to bind various marker enzymes (sucrase, maltase, lactase, AP, DPP, alkaline phosphatase) present in Triton X-100-solubilized brush border membrane obtained from human jejunum; only AP activity was detected; and (2) incubated with Triton X-100-solubilized 14C-labelled brush border membrane proteins [5] . The bound, labelled antigen was analysed by SDS/PAGE, and two bands of apparent molecular mass 150 and 300 kDa were observed, corresponding respectively to the monomeric and aggregated (dimeric) forms of AP [4] .
Immunofluorescence staining
Post-confluent Caco-2 cells (12 days) grown in 35 mm dishes were rinsed with PBS, fixed with 2 % formaldehyde and stained by the double-antibody fluorescence technique as described [47] . Non-immune mouse serum was used as a negative control.
Radioimmunobinding assay
Binding of monoclonal antibodies to different clones of the Caco-2 cell line was performed as described previously [48] Preparation and analysis of RNA Total RNA was isolated from Caco-2 cell clones using the guanidinium thiocyanate/caesium chloride procedure [49] .
Poly(A)+ RNA was purified by using a Poly(A) Quik mRNA purification kit from Stratagene (La Jolla, CA, U.S.A.), following the instructions supplied by the manufacturer. For hybridization analyses, RNA was denatured with formaldehyde (6.6%) and resolved by electrophoresis on 1.2 % agarose/formaldehyde gels [50] . Electroblotting of RNA-agarose gels on to Gene-Screen Plus membranes was performed as recommended by the supplier (Du Pont-NEN). Following transfer, the RNA was irreversibly cross-linked to the membrane by u.v. irradiation (Stratalinker, Stratagene) as described [51] . Prehybridizations (3 h ) and hybridizations (18 h ) were performed at 42°C in 50 % formamide/1% SDS/1 M-NaCI/10% dextran sulphate and contained 100 mg of denatured salmon sperm DNA/ml. Labelled probes were then denatured by boiling and were added directly to the prehybridization solution to achieve final concentrations of approx. 5-10 ng of probe DNA/ml (107-108 d.p.m./,ug). Following hybridization, the membranes were washed at various stringencies (0.1 x SSC when using the SI probe, 1 x SSC with the actin probe, always in the presence of 1 % SDS) at 60°C for 1 h, blotted dry and exposed to Kodak XAR-5 film with an intensifying screen for 4-12 h at -70 'C. The intensity of the bands was assessed by using a laser densitometer (Ultroscan XL; Pharmacia LKB).
cDNA probes
The plasmid pSI2 [52] containing a 2000 bp insert comprising about one-third of the coding region of human SI cDNA and 5 nucleotides of 5'-untranslated sequence was obtained from Dr. D. Swallow (MRC Human Biochemical Genetics Unit, University College, London, U.K.).
A Hindlll restriction fragment (1700 bp) from exon 2 of the Drosophila actin SC gene (E. Keller, Cornell University) was amplified in pUC18 and subsequently used as an actin probe for RNA hybridization analyses.
The cDNA probes were isolated from vector DNA by appropriate restriction endonuclease digestion and agarose gel resolution [53] . The actin probe was labelled by nick-translation [54] , and the SI probe was labelled using the Random Primers DNA Labelling System from BRL-Life technologies (Gaithersburg, MD, U.S.A.), both in the presence of [ Sucrase expression by the different Caco-2 cell clones was, in general, negatively correlated with their growth rate. As an example, the growth curves for clones Caco-2/3 and Caco-2/15 are compared in Fig. 1 : their population doubling times during the logarithmic phase of growth were estimated as 24 and 36 h respectively. The apparent saturation density of these (and other) clones was also negatively correlated with the amounts of SI produced, being greater in faster-growing clones (Fig. 1) . A possible explanation for these findings is an autocrine stimulation ofcell growth with a corresponding inhibition of SI expression, as colon tumour cell lines have been previously shown to synthesize and secrete significant amounts of growth factors into the culture medium [43] . We Sucrase activity (Fig. 3) (Fig. 4) . Brush border membrane proteins (50 ,ug/sample) were separated by SDS/PAGE, electrophoretically transferred to nitrocellulose and incubated with an equal mixture of antibodies HSI-9 (specific for the sucrase subunit) and HSI-14 (specific for the isomaltase subunit) [5] . From the immunoblots obtained (Fig. 4) and the corresponding densitometric analysis (Fig. 5) , it is apparent that the relative amounts of immunoreactive SI, barely detectable 1 day after confluence, increased almost linearly thereafter and displayed quantitative differences between the two clones comparable with those observed in the sucrase assay. The amount of SI accumulated in brush border membranes from Caco-2/15 cells at 19-25 days post-confluence was 5-6-fold greater than in corresponding Caco-2/3 cell fractions.
Expression of other microvillar hydrolases
The results obtained in the immunobinding assay using antibodies to AP and crypt cell antigen (Table 1) suggested that the marked differences observed in SI activity reflect regulation of expression of this enzyme rather than alterations in the overall ability of the various Caco-2 cell clones to differentiate. This was further substantiated by analysis of the entire pattern of enzyme activities in brush border membranes purified from confluent (15-19 days) Caco-2/3 and Caco-2/15 cells. As shown in Table  3 , the activities of lactase, DPP and alkaline phosphatase were significantly higher in Caco-2/ 15 cells (P < 0.005), but the specific activity ratios between membranes from Caco-2/15 and Caco-2/3 cells were only 1.6 for lactase, 1.7 for DPP and 2.3 for alkaline phosphatase, much lower than the corresponding values (6-11) for sucrase observed in the same cells. AP activity was actually slightly higher in membranes from Caco-2/3 cells, although the difference did not reach statistical significance.
Biosynthesis of SI and AP
To identify the regulatory sites and biosynthetic step(s) responsible for the marked difference in SI expression among the Caco-2 cell clones, we first evaluated their ability to synthesize this enzyme over a I h period, during which SI has been previously shown to be present exclusively as a high-mannose precursor (hmP) in the endoplasmic reticulum [4, 5, 13] . The same group of clones previously tested for growth factor production ( Sucrase-isomaltase in Caco-2 clones
[35S]methionine, labelled SI was immunoprecipitated with a mixture of antibodies HSI-9 and HSI-14 from total cell membranes solubilized with Triton X-100. The results obtained (Table 4 ) demonstrated an approx. 2-fold difference in SI biosynthetic activity between clones endowed with the lowest (clones 1 and 3) and highest (clones 6, 13 and 15) sucrase activities. Clone Caco-2/5 synthesized approximately the same amount of labelled SI as clones 6, 13 and 15, in contrast with its 2.5-fold lower sucrase activity as determined on purified brush border membranes (Table 1) . Table 5 . SI mRNA levels in different clones of Caco-2 cells Poly(A)+ RNA (0.5 ,g/lane), purified from 15-days-confluent Caco-2 cell clones, was denatured and resolved on a 1.2 % agarose/formaldehyde gel, then electrophoretically transferred to a GeneScreen Plus membrane, u.v.-cross-linked, and hybridized to the SI cDNA probe labelled by the random primer extension procedure. Following hybridization, the membrane was washed in 0.1 x SSC containing 1 % SDS at 60°C (3 x 30 min) and exposed to a Kodak XAR-5 film with an intensifying screen for 2 days at -70 'C. Subsequently the membrane was stripped of the SI probe, rehybridized to the actin probe labelled by nick translation, washed in 1 x SSC containing 1 % SDS at 60 'C (3 x 30 min), and again exposed to a Kodak XAR-5 film for 12 h at -70 'C. The autoradiographs were scanned with a laser densitometer and the output (peak areas) is expressed as the product of absorbance units (AU) and millimetres (mm The relative abundance of SI mRNA present in the same group of clones was estimated by Northern blot analysis of poly(A+) RNA purified from confluent cultures, and compared with actin mRNA levels used as a reference (see Fig. 6 , and Table  5 for a densitometric analysis of results obtained in a different experiment using triplicate samples). The results obtained demonstrated an excellent correlation between SI mRA levels and the relative amounts of SI synthesized over a 1 h period (Table 4) : Caco-2/1 and Caco-2/3 cells had approximately half of the SI mRNA abundance of the other clones, which all had similar levels.
Finally, pulse-chase experiments were performed to determine whether clones endowed with low (Caco-2/3) and high (Caco-2/15) sucrase activities differed with respect to processing and/or intracellular degradation of the previously characterized SI biosynthetic forms: the initial co-translationally glycosylated high-mannose precursor hmP1, the conformationally distinct derivative hmP2 and the complex glycosylated precursor (cP) formed in the Golgi complex [4, 5, [13] [14] [15] . As in our previous study [5] , these forms were distinguished by sequential immunoprecipitation with antibodies HSI-5 (recognizing hmP2 and cP) and HSI-14 (precipitating the remaining hmP1), followed by SDS/PAGE analysis. A protein of molecular mass 195 kDa (labelled X in Fig. 7 ), whose relationship with SI is unknown [5] , was also reproducibly precipitated by HSI-14 during the first 3-4 h of chase. Finally, the cell extracts were incubated with the antibody HBB 2/45 to precipitate the complex glycosylated and high-mannose forms of AP, which was used as an internal control for overall protein synthesis (Figs. 7c and 7d) . Cellular extracts containing equivalent amounts of total labelled proteins (25 x 108 c.p.m./extract) were used for both clones. The results obtained are shown in Fig. 7 , and the corresponding densitometric analysis in Fig. 8 .
Confirming the results obtained by continuous 1 h labelling of the same cells (Table 4) , the combined amounts of hmP1 and hmP2immunoprecipitated from Caco-2/ 15 cells at the end of the pulse period (chase = 0) was approximately twice that synthesized by Caco-2/3 cells. Thereafter the conversion rates among different SI biosynthetic forms were similar or identical in the two clones. After 90-120 min, hmP1 was nearly completely converted into hmP2 plus cP, and by 3-4 h of chase cP was the only form of SI detectable. In the process, however, the ratio of the combined amounts of the different SI forms (hmP1 + hmP2 + cP) present in Caco-2/15 and Caco-2/3 cells increased to 3.0-3.5 between 1 and 3 h, and to 5.3 and 5.0 at 8 and 24 h of chase respectively. These results indicate that the differences in SI levels observed between these two Caco-2 cell clones could be attributed both to decreased synthesis (2-fold) and to a lesser stability of the hmP and cP forms in Caco-2/3 cells. In contrast, AP synthesis was about 50 % higher in Caco-2/3 cells (Fig. 8) and, once formed, the complex-glycosylated enzyme appeared to be quite stable up to 24 h of chase.
DISCUSSION
The Caco-2 cell clones that we have obtained and characterized exhibited similar morphology and growth characteristics, and differed primarily in their sucrase activity, amount of SI expressed at the apical surface membrane (Table 1) and growth factor concentrations present in their conditioned media (Table 2 ).
Other markers of intestinal cell differentiation were expressed at similar levels in the clones examined (Tables 1 and 3 ), suggesting that they retained the ability to differentiate upon reaching confluence typical of the parental cell line [2] . Immunofluorescence staining with antibodies to SI and AP (Fig. 2 [43, 58] , and to express the corresponding receptors on their surface membrane [59] . HT-29 cells, which synthesize SI but rapidly degrade it intracellularly when grown in a glucose-containing medium [60] , produce relatively large amounts of TGF-ac and TGF-,# [43] . These cells can be induced to express SI on their cell surface by suramin [61] , a drug which inhibits binding of several growth factors to their cellular receptors [62] . The availability of Caco-2 clones producing limited amounts of endogenous growth factors should allow a direct test of this hypothesis.
The structure and biosynthesis of SI have been investigated in great detail [63] , making it an excellent marker enzyme for the study of the mechanisms regulating intestinal cell differentiation. In the brush border membrane of adult enterocytes it is present as two subunits (S and I) with partially overlapping substrate specificities generated by extracellular proteolytic cleavage of a complex-glycosylated precursor (cP) [64, 65] . In Caco-2 and HT-29 cells the cP is not cleaved into the two subunits after its insertion into the luminal membrane [4, 5] . At least two intracellular high-mannose precursors have been identified [4, 5] ; the initial translation product (hmP,), which is present in the endoplasmic reticulum and is very sensitive to proteolytic degradation [66] , and an immunologically and conformationally distinct derivative (hmP2) which is formed within I h of synthesis and is more resistant to proteolysis [66] . Evidence has been obtained recently suggesting the existence of a third form of high-mannose precursor, which has been localized in the intermediate or salvage compartment or in the Golgi complex [66] .
To investigate the regulatory mechanisms responsible for the marked differences in SI activity among Caco-2 cell clones, we have studied the progressive accumulation of the enzyme in the brush border membrane after formation ofconfluent monolayers, and its biosynthesis and intracellular processing in clones characterized by low, intermediate or high sucrase activity. Enzyme activity (Fig. 3) and amounts of immunoreactive protein (Figs. 4 and 5 ) increased in parallel and in a nearly linear fashion after the cells had reached confluence, although at quite different rates in low-and high-SI-producing clones. These results suggest that the difference in sucrase activity among Caco-2 cell clones was not due to differential expression of forms of SI endowed with low or absent enzyme activity, previously identified in human small intestinal [5] and colonic [21] crypt cells in vivo.
An approx. 2-fold difference was observed in SI mRNA levels between high-or intermediate-and low-SI-producing clones ( Fig. 6 and Table 5 ) which paralleled the cells' ability to synthesize SI over a I h period (Table 4) . However, these differences among clones could not entirely account for the corresponding differences in sucrase activity levels and amounts of immunoreactive SI present in the same cells, suggesting that post-translational processing of the enzyme also played an important role. This conclusion is also supported by the observation that Caco-2/5 and Caco-2/15 cells had very similar SI mRNA levels and synthesized equal amounts of SI, while 606 Sucrase-isomaltase in Caco-2 clones exhibiting a 2.5-fold difference in sucrase activity in their brush border membranes.
Further evidence for a post-translational regulation of SI expression was obtained in pulse-chase experiments comparing SI and AP synthesis in Caco-2/3 and Caco-2/ 15 cells (Figs. 7 and  8) . The rates of conversion of the intracellulafi,SI biosynthetic forms did not differ significantly among the two clones. However, the initial 2-fold difference in SI synthesis during the 1 h pulse increased to a 3-3.5-fold difference at the time of complete conversion of hmP1 into hmP2 +cP, and further increased to a 5-5.3 fold difference after complete conversion into qP. These findings seem to implicate intracellular degradation 4f newly synthesized SI, presumably taking place in the endoplasmic reticulum, Golgi complex [67] or lysosomes [14] , as an important factor in the regulation of SI expression in intestinal cells.
It is well estabYlished that proteins which fail to fold properly or to undergo required conformational changes are retained in the endoplasmic reticulum and eventually destroyed there by one or more resident proteolytic enzymes [68] . Such a process may explain the decreased amounts of hmP2 and cP formed in Caco-2/3 cells from the initially co-translationally glycosylated hmP, precursor, which is known to be particularly susceptible to proteolysis [66] . The faster degradation rate of cP in these cells may have been due to its diversion from the Golgi complex to lysosomes, a process which has been previously observed both in Caco-2 cells [14] and in intestinal cells in vivo [69] . Similarly, several forms of human SI deficiency have been attributed to blockage of SI transfer to the cell surface, leading to its accumulation in different intracellular compartments [67] .
In conclusion, our results suggest the existence of different mechanisms regulating SI expression in intestinal cells: (a) some affecting cytoplasmic mRNA levels and possibly including transcriptional regulation, regulation of SI mRNA-exit from the nucleus or its stability in the cytoplasm, likely to be responsible for the 2-fold difference in SI synthesis we have observed between low-and high-SI-producing clones; and (b) post-translational processing and/or intracellular degradation affecting one or more of the different SI biosynthetic forms. These processes may at least in part, be susceptible to regulation by growth factors synthesized and secreted by the same cells into the culture medium.
